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I. INTRODUCTION
The micro-vortex generator (MVG), also known as low-profile vortex generator [1] or sub-boundary layer vortex generator (SBVG) [2] , is receiving increasing research interests in the area of aerospace engineering.
Initially proposed for external aerodynamics applications, where it was placed on wing flap to enhance performance of high-lift configurations [3] , the MVG is now also considered for internal flow systems, especially for supersonic air intakes, where shock wave boundary layer interaction (SWBLI) is encountered [4] [5] [6] . Flow separation may occur when the shock induced adverse pressure gradient is of sufficient strength to induce flow reversal. The flow separation associated to SWBLI is highly unsteady and introduces in turn undesired spatial and temporal fluctuations in the operation of the engine components placed downstream. In view of this, one of the primary objectives of MVG has been set to reduce flow separation and to stabilize the interaction region.
A number of baseline experimental studies have been carried out to investigate the effectiveness of MVGs towards SWBLI involving oblique or normal shock waves [7] [8] [9] and positive effects were confirmed.
Additionally, fundamental studies of the flow induced by micro-ramps without the presence of SWBLI have been performed to aid the understanding of the physical mechanisms occurring inside the perturbed boundary layer. Much emphasis was placed on the description of the development of the MVG wake. Among them, Babinsky et al. [8] measured the cross-flow planes at three positions downstream of micro-ramps of various heights. The momentum deficit was visualized and its decay was also observed. The experimental study of Nolan & Babinsky [10] using laser Doppler anemometry (LDA) characterized the micro-ramp wake in further detail, revealing the quasi-circular shear layer wrapping the conical wake and the upwash and downwash motions induced by primary streamwise vortices. Downstream of 30 ramp heights the weaker imprints of these structures suggested a fast decay rate of the MVG wake. However the understanding of the dynamical organization of the turbulent flow field past the ramp in the far wake region is not yet achieved. One of the objectives of the present study is the investigation of the physical mechanisms occurring in the far wake that may be responsible for the regime of wake decay.
Numerical simulations by Lee et al. [11] using implicit large eddy simulation (ILES) described the decay of streamwise velocity component through the cross-sectional contours. A Reynolds-averaged Navier-Stokes (RANS) simulation with immersed-boundary treatment was performed by Ghosh et al. [12] (Ma=2.5, h/δ=0.46, 0.92) and the velocity profiles were compared with experiment data [8] . An acceptable agreement was only achieved for the larger micro-ramp (h/δ=0.92). As a result, further experimental study of the streamwise decay is needed not only for the reason of revealing the decay behavior but also to verify the ability of numerical simulations.
The time-averaged vortex structure behind a micro-ramp has already been described in terms of the mean flow topology. Babinsky et al. [8] identified a primary vortex pair dominating the mean flow and multiple secondary vortices of weaker strength. From the unsteady behavior of the wake, the clearest feature emerging from both experiments and simulations is the vortex shedding from the quasi-circular free shear layer emanating from the ramp trailing edge. Blinde et al. [13] inferred this from the wall-normal counter-rotating vortex pairs from the stereoscopic particle image velocimetry (Stereo-PIV) analysis in planes parallel to the wall. The numerical study of Li & Liu [14] showed that those vortices were rolled up from the growth of Kelvin-Helmholtz (K-H) shear layer instability and finally developed into ring-shaped vortices. Further experimental evidence was provided by Lu et al. [15] who used the laser sheet visualization technique. Sun et al. [16] measured the three-dimensional structure of K-H vortices using tomographic PIV (Tomo-PIV). The experiments returned more an arch-like vortex rather than full ring or hairpin, which stands in some contrast to the work of Li & Liu [14] and Blinde et al. [13] , respectively. More in particular, the discrepancy with the vortex ring model has not been reconciled so far and motivates the present study. The main hypothesis followed here is that the arch vortices may be able to reconnect on the bottom edge of the wake, achieving the annular shape.
Many studies report the rapid loss of coherence of bluff body wakes [17, 18] . In line with this, the present investigation focuses on the regime that follows the part where coherent K-H vortices dominate the large-scale fluctuations in the free shear layer. At vortex breakdown and beyond, qualitative flow visualization techniques become increasingly difficult to interpret, due to the long time history of the smoke interface mixing. One of the main questions is whether the breakdown of arch-or ring-like vortices lead to a transition towards an isotropic regime and the disruption of the primary vortex pair, or that the latter is able to survive the break-up of arch/annular vortices. This would have important consequences for the long-range mixing capability of the micro ramp. Previous studies have not tackled the further evolution of the flow spatial organization and it is not clear in which conditions other structures can be generated from the train of K-H vortices by the pairing mechanism or by realignment of vortex filaments. In particular the vortex-pairing regime has not been identified or given attention by past literature.
With the purposes stated above, the current experiments are aimed at the characterization of the far wake (beyond 20 ramp heights) and a large measurement domain extending from approximately 12h to 32h is achieved making use of the planar PIV technique with large format CCD camera. In the attempt to draw some conclusions on the scaling laws for the wake decay, two values are investigated for the ratio between the microramp height and the boundary layer thickness (h/δ). This is achieved by selecting ramps of 3 mm and 4 mm height respectively.
The following section describes the details of the experiments and measurement uncertainty. In the discussion of results, the decay of the micro ramp wake is elaborated through the time-averaged data and turbulent statistics. The analysis of the instantaneous realizations focuses on the observation of signatures of vortex pairing and vortex ring. Proofs are provided through spatial auto-correlation. At the end of the discussion, a conceptual model describing the vortical activity is delivered.
II. EXPERIMENTAL SETUP

A. Flow facility
The experiments were carried out in the wind tunnel ST-15 in the High-Speed Laboratory of the Delft University of Technology. The wind tunnel was operated at Mach 2.0 and the flow in the test section took about 2 seconds to stabilize. The duration for each measurement was approximately 70 seconds allowing 100 imagepairs to be recorded. The wind tunnel is fed by a compressed air reservoir of 400 m 3 . During the blow-down operation the recorded temperature drop within each experiment was about 2°C, with negligible variation of the free-stream velocity. A separate planar PIV measurement dedicated to characterize the undisturbed turbulent boundary layer was carried out and reported previously [16] . 
B. Micro-ramps
The micro ramp geometry follows the configuration suggested by the work of Anderson et al. [19] . Two ramps are considered with heights of h=3 and 4 mm, corresponding to 57% and 77% of the undisturbed turbulent boundary layer thickness respectively. These two devices will be referred to as MR3 (h3=3 mm) and MR4 (h4=4 mm) in the remainder. The micro ramp chord length is c=7.5h and the half sweep angle is α=24°, the detailed geometrical dimension of the micro ramp is sketched in figure 2 . 
C. PIV instrumentation
Di-ethyl-hexyl-sebacate (DEHS) droplets with nominal diameter of approximately 1 µm were used as the seeding tracers. For these conditions (Mach 2.0 flow), a relaxation time of about 2 µs for the DEHS particles was determined by Ragni et al. [20] . The particles were injected into the settling chamber through a seeding probe with multiple orifices. The injection position was carefully chosen on the lower surface inside the settling chamber, thus a locally seeded stream tube was obtained, especially in the turbulent boundary layer.
The laser illumination in the FOVs was provided by a Spectra-Physics Quanta Ray double-pulsed Nd-Yag laser with 400 mJ pulse energy and 6 ns pulse duration at a wave-length of 532nm. A rigid periscope probe containing a combination of optics was used to introduce the laser beam into the test section, and it was vertically installed from the bottom wall downstream of the test section. Only the head part of the probe was exposed to the wind tunnel free stream with minimum blockage effects. As a result, the wind tunnel operated far from chocking conditions. By tuning the focus of the embedded optics inside the probe, the laser beam was formed into a thin sheet with approximately 2 mm thickness for the FOVs. 
D. Experimental uncertainty
In view of the utilization of the present data for comparison with numerical simulations or other experiments, an upper boundary is given here for the measurement uncertainty. It is considered that the uncertainty originating from PIV measurement dominates the overall experimental errors. The uncertainty due to the flow facility, such as temperature effects is verified to be negligible. The effects of the finite data ensemble size, the image analysis (cross-correlation) algorithm and finite particle tracers' response time [20] are considered here.
Each dataset is composed of 400 uncorrelated realizations. The uncertainty of averaged velocity components is estimated to be 0.8%U∞ in the wake region where the largest velocity fluctuations occur.
Accordingly, the uncertainty of <u'> and ' ' were estimated to be 5%<u'>max and 12% ' ' max, respectively.
The cross-correlation for planar PIV is assumed to have an uncertainty of 0.1 pixel [23] , which corresponds to 0.5%U∞. As a result, the uncertainty of the mean velocity is not affected by the measurement noise.
The measured vector field is given over a regular grid and each vector results from the cross-correlation over the kernel used for spatial cross-correlation. The current window size is about 20% of the wave-length of K-H wave and considering the given spatial response in [24] , the expected amplitude modulation will not exceed 2%U∞.
The response time of the DEHS tracer particle should also be considered. According to the experiment of Ragni et al. [20] , the response time was estimated to be 1.92µs for DEHS particle. By multiplying the response time and the relevant particle acceleration, which is estimated to be 5×10 6 m/s 2 according to the centrifugal acceleration in the vortical motion, the uncertainty results to be approximately 2%U∞.
III. RESULTS AND DISCUSSION
A. Decay of time-averaged velocity
The time-averaged velocity field is obtained by ensemble averaging the instantaneous measurements.
Given the measurement repetition rate of 1.5Hz, the realizations are considered as uncorrelated. The streamwise and wall-normal coordinates are expressed in non-dimensional units using the ramp height as scaling length, following the study of Babinsky et al. [8] , where the deficit loci from various micro ramps collapsed to a single curve. The decay of the streamwise and wall-normal velocity components are addressed first. Furthermore, the self-similar behavior of the wake is explored.
Streamwise velocity component
Similar flow fields are produced by both micro ramps, see the contours of streamwise velocity in streamwise range from x/h=12 to 32 in figure 5 . The wake features a pronounced momentum deficit with a velocity minimum that moves away from the wall nonlinearly when developing downstream. The rate at which the maximum deficit is lifted off the wall decreases when moving downstream, as expected by the lower intensity of the upwash motion induced by the primary pair of streamwise vortices. A nearly horizontal wake is thus observed at the end of the measurement domain, similar as observed at approximately x/h=30 in the PIV study of Herges et al. [25] (Ma=1.4, h/δ=0.36). Different velocity magnitudes can be observed in the lower neck region, which is the region between the deficit and wall. Since the larger micro ramp (MR4) emerges more above the momentum thickness and the recirculation of high momentum fluid penetrates deeper at the bottom of the wake, higher magnitude is resulted there.
FIG. 5. Contours of streamwise velocity of MR3 (top) and MR4 (bottom).
A detailed analysis of the streamwise velocity evolution is achieved by extracting wall-normal profiles at three positions, i.e. x/h=12, 22 and 32, see figure 6 . The maximum deficit at x/h=12 corresponds to a velocity of approximately 70% of the free-stream value and is located at two ramp heights (y/h=2). The wake recovery is dominated by the strong turbulent mixing occurring at the shear layer and the point of minimum velocity moves upward as a result of the coherent upwash motion. Simultaneously, the velocity defect is filled and flattened as a result of turbulent diffusion. Some discrepancy between the profiles of MR3 and MR4 can be observed, although the chosen scaling offers a better collapse when compared to scaling based on a boundary layer length scale. The aforementioned larger magnitude in the neck region of MR4 is represented by the mismatch of the boundary layer profiles, indicating that this part does not follow a scaling with the ramp dimensions. The streamwise velocity profile in the center plane has also been inspected in the previous LDA study of Babinsky et al. [8] and RANS study of Ghosh et al. [12] . Both studies were carried out at Ma=2. A synthesis of the wake recovery is addressed by following the streamwise development of the maximum velocity deficit, see figure 8(a). Both ramps exhibit a similar recovery rate when expressed in non-dimensional coordinates, using the ramp height as scaling length. The minimum velocity Umin for MR4 increases from 0.7U∞ at x/h=12 to 0.86U∞ at x/h=32, while for MR3 it increases over this domain from 0.67U∞ to 0.84U∞.
According to the theoretical analysis given for fully turbulent plane and symmetric wakes [26] , the velocity difference (U∞-Umin) between the wake core and the outer stream follows a power-law decay with respect to the streamwise distance, namely (U∞-Umin)~x
. By performing the power-law fit to such velocity difference in the present wakes of MR3 and MR4 respectively (see figure 8(b) ), their relations result as:
As shown above, the exponents returned are 0.73 and 0.78 for MR3 and MR4, respectively. They are comparable but in excess to the value predicted from theory. The difference is ascribed to the presence of boundary layer turbulence that provides additional mixing. Therefore a more rapid recovery of the momentum deficit takes place. The slight difference of the exponents, instead, suggests that not all relevant scaling parameters are accounted for in the above experiments, e.g. the ratio of boundary layer momentum thickness and the ramp height (θ/h).
Wall-normal velocity component
The time-averaged wall normal velocity is studied in a similar scheme as streamwise velocity. In the center plane, an upwash region is coalesced from streamwise vortex pair, see the contours of wall-normal velocity in figure 9 . Unlike the velocity deficit, the elevation of upwash is less steep. A much stronger upwash is produced by MR4 and it is associated to the stronger trailing vortex. The relation between the micro ramp height and vorticity intensity was reported in the ILES study of Lee et al. The difference of the upwash strength is further addressed through the V-profiles, see figure 10 . The significant mismatch of the V-profiles suggests the dependence of upwash intensity on the micro ramp size. At x/h=12, the Vmax of MR3 is 0.25U∞, which is 65% of that of MR4. Upwash recovery is obvious through the flattening of profiles, but it is more straightforward in the streamwise evolution of Vmax in figure 11 . The intensity discrepancy becomes smaller instead of being maintained. The narrowing discrepancy could be reasoned as the close strength of streamwise vortices of MR3 and MR4 regardless of their distinct magnitudes at upstream. As reported by Lee et al. [27] , the vorticity generated by various MVGs was predicted to obtain similar strength at far downstream after x/h=30.
The upwash intensity is also considered to follow the power-law decay, thus power-law fit is performed again. The resulted relations are
The fitted exponents for the peak upwash decay are much larger in absolute value, indicating a decay rate 2.5 times of that of deficit velocity. Unfortunately, in this case, no theoretical analysis is available for the streamwise evolution of this flow property.
FIG. 11. Streamwise decay of maximum upwash velocity and power-law fit
In order to detect the relevance of the two significant flow structures, namely the deficit and upwash, the loci of Umin and Vmax are compared, see figure 12 . The Umin is observed to be produced higher instead of overlapping with Vmax. The vertical offset suggests that the deficit center is not produced as soon as the peak upwash is reached, but is delayed . FIG 12. The loci of deficit center (Umin) and peak upwash (Vmax) for MR3 and MR4.
Self-similarity of time-averaged velocity profiles
In order to study the possible self-similarity property of the time-averaged velocity profiles, a normalized form of the streamwise velocity component related to the wake velocity deficit can be defined as
where U(y) is the velocity in the controlled boundary layer, UBL(y) is velocity in the undisturbed boundary layer and ( >0) is the velocity difference between the maximum deficit and the corresponding position in the undisturbed boundary layer, see figure 13 (a). By applying this type of normalization, the wake velocity magnitudes are scaled to the same range with maximum deficit being =−1.0. The y-coordinate normalization is done by first shifting the origin towards the maximum deficit position and then being divided by the height of maximum deficit (ydeficit):
The resulted profiles subsequently have normalized ́-axis origin at the deficit center and ́=-1 at the wall position. The normalized profiles at x/h=12, 22, and 32 for both ramps are shown together in figure 14 . A good degree of similarity is exhibited for the upper and lower shear layers in the deficit profiles. The wall-normal velocity is normalized with the peak upwash velocity Vmax following
so that the normalized peak upwash has a value of ́ℎ = 1.0. Similar as the normalization of the deficit profiles, the vertical coordinate of the upwash profile is also shifted towards the peak upwash and divided by coordinate of the peak upwash (yupwash)
Definitions of Vmax and yupwash are sketched in figure 13(b) . In the resulted profiles, the peak upwash is located at ́=0 while the wall position at ́=-1. The normalized profiles at x/h=12, 22 and 32 are plotted in figure 15 where similar profiles are displayed. Based on the above observations, both the deficit and upwash profiles exhibit features of self-similarity using the described normalization velocity magnitude and length scale.
FIG. 15. Normalized profiles of upwash velocity at three positions.
B. Decay of turbulent properties
The decay of turbulent properties is investigated through assessing the development of the RMS of velocity components (〈 '〉 and 〈 '〉) and the Reynolds shear stress ( ' '). Next to documenting these properties, it will also be attempted to find possible self-similarity features of the decay revealed by appropriate scaling.
Velocity fluctuations
Increased level of velocity fluctuations occurs in the micro ramp wake, an overall observation can be achieved in the contours of 〈 '〉 and 〈 '〉 in figure 16 figure 21 , making evident that ( ′ ′max follows Vmax. As a result, the positive peaks of ′ ′ is more likely associated with the event of peak upwash instead of the lower wake shear layer. The ′ ′ profile from Herges et al. [25] at x/h=22.8 is also compared with current measurement, see figure 22 . Negative Reynolds shear stress was measured to dominate the whole wake with a similar magnitude as current experiments, whereas no evidence of positive peak was measured, possibly due to the lower upwash magnitude (see figure 19) . [25] is included after adjustment into nondimensional units.
Self-similarity of turbulent quantities
In order to explore the possible scaling and self-similarity of the turbulent quantities, the velocity fluctuations are normalized with their peak values following
Since there are symmetric peaks of Reynolds shear stress, it is normalized with the difference between the two peak values using 
C. The instantaneous flow structure
The instantaneous flow behaves distinctively from the mean flow and prominently features the presence of the K-H instability, see one flow realization of MR4 in figure 24 . The K-H instability is characterized by the wave-like structure at the top of the wake, and a train of vortex is shed following the development of the unstable wave. The swirling vectors of the K-H vortices in a convective reference frame are visualized in figure   25 by subtracting a constant value of 0.87U∞ from the streamwise vector component. The vortex shedding is a common phenomenon existing in the wake of a bluff body, and a large body of studies have been devoted into this phenomenon [17, 18] . However in the micro ramp flow, this phenomenon has received only moderate attention until the studies of Li & Liu [14] , Lu et al. [15] and Sun et al. [16] . One immediate result from the vortical activity is the distortion of the velocity field, which consequently results in local high speed and low speed packets on either side of the K-H wave. The relatively long streamwise extent of the current study allows the study of the subsequent flow development, in particular the occurrence of the vortex paring which is a typical event occurring in the later stages of vortex shedding instabilities. Since at downstream the wake is lifted sufficiently away from the wall, which reduces the interface with turbulent flow in the direct vicinity of the wall, the exploration of the possible flow instability is more easily accomplished. from the streamwise component.
Vortex pairing
Vortex pairing is featured with a pair of closing-up vortices in the process of vortex shedding and subsequently results in a larger wave-length downstream after the merge of the previous two. One pair of vortices which are about to merge can be seen at around x/h=23 in figure 25 . This region is also enlarged in figure 26 , and the two pairing vortices have a distance of about 1h. In order to identify the onset of vortex pairing and the evolution of the wave-length, auto-correlation of the instantaneous vorticity field is adopted. The procedure of auto-correlation is the same as that used in [16] according to the following expression:
where ωn is the vorticity intensity in the n-th snapshot, cn is the auto-correlation map of an individual snapshot and C is the summation of auto-correlations in the entire dataset containing NF snapshots. Note that the positive vorticity magnitudes are filtered out before the auto-correlation operation. For the current purpose, the autocorrelation window is shifted towards various streamwise positions. Different auto-correlation window sizes have been used to exclude the error associated with window size (WS). A three-dimensional representation of the auto-correlation result is shown in figure 27 . Note that the central peak P0 in figure 27 is very large and exceeds the current range. There are two prominent secondary positive peaks symmetric to the central one. The wave-length is thus determined by measuring the distance between the central peak and either of the two secondary peaks. The wave-length evolution is, on one hand, associated with vortex motion speed in the shear layer, which is determined by the mean shear velocity. In the current case, the mean shear velocity in the upper shear layer increases from 0.73U∞ to 0.82U∞ in the range of x/h=16~28 for MR3, whereas it increases from 0.74U∞ to 0.83U∞ in the same range for MR4. Hence a mean shear velocity increase ratio ́ℎ ⁄ =28́ℎ ⁄ =16 ⁄ = 1.1 is resulted for both MR3 and MR4. The distance between two vortices should grow naturally following the vortex speed increase. Ideally the downstream wave-length should be about 1.1 times of the upstream one provided that no vortex pairing takes place.
According to the current wave-length evolution as revealed in figure 28(b) , the wave-length increases at a larger ratio of 1.32 and 1.46 for MR3 and MR4 respectively in the region of x/h=16~28. The larger actual increase ratio is cosidered to be also influenced by vortex pairing, which is supposed to increase wave-length by a factor of 2. In order to reveal the occurance of vortex pairing, probability densities of the wave-length calculated in streamwise windows (window size WS=7h) centered at x/h=16, 22 and 28 are shown in figure 29.
It is apparent that the dominant wave-length shifts approximately from 2h to 2.5h, which is because of the natural increase of mean shear velocity. The doubled wave-length ( ℎ ⁄ ≈ 3.5) caused by vortex pairing amounts to about 7% in the upstream region of x/h=12.5~19.5, and it increases gradually to about 10% in the the region of x/h=18.5~25.5 and eventually stays at 17% and 12% in the last region for MR3 and MR4 respectively. Therefore, the vortex pairing takes place with greater probability in the far downstream.
Note that there are also very large and very low values of wavel-length occurring in the probability histograms, although they only constitute a small fraction. In order to explain the cause of the two extremes, a typical auto-correlation result is firstly shown in figure 30(a) , where the decreasing peaks represent the regularly alinged K-H vortices along the upper shear layer. The very large value of wave-length is resulted from an autocorrelation as shown in figure 30(b) . Although a peak close to the central one is resolved, it has a smaller intensity than the most outward one. As a result, the wave-length is determined to be the distance between the central peak and most outward peak, namely 4.2h in the current case. This case is considered as a consequence of the higher uncertainty of vorticity quantity. Similarly, the very small value of wave-length is associated with 
Vortex generation in the lower part
Wavy pattern and associated high speed packets, resembling that on the upper part, can also be observed in the lower region of current FOV from approximately x/h=15 in figure 24, which is beyond the previous experiment [16] . These structures at the lower part also resemble the features of the K-H instability. They occur when the wake is lifted sufficiently away from the wall so that the unstable wave in the remaining parts of the wake interface is allowed to penetrate into the bottom region. The micro ramp wake is therefore fully wrapped by the corrugated surface in this downstream region.
In the vortical field, vortices with counter rotation relative to the ones in the upper shear are consequently produced in the lower region. According to the observation of the entire ensemble, the vortices in the lower layer appear in pair with the K-H vortices in the upper wake, which suggests that the arch-shape K-H vortex could be connected from the bottom and features a full ring. The vortical field in figure 25 is one example, where two apparent pairs of vortices can be seen close to the end of the domain.
In order to give further statistical support to this hypothesis of vortical activity and vortex ring formation, the auto-correlation of the vorticity field is computed within three regions, namely (12~19)h, (18.5~25.5)h and (25~32)h, corresponding to the different wake development phases, referred to as Region I~III respectively. The size of auto-correlation window is chosen to be 7h×4.5h, which is wide enough according to the WS effect test in the previous section. Since positive correlation peak suggests the spatial relation of the K-H vortices in the upper shear layer, the negative peak is thus a proof of the spatial correlation between the vortices in the upper and lower layers. The auto-correlation maps of Region I~III are explored in detail, see figure 31 for the results of MR4. The triple-positive-peak structure appears in all the three regions, and the wave-length is estimated to be λ1 = 2.0h, 2.6h and 2.6h respectively. The apparent increase of wave-length is driven by mean shear velocity increase and vortex pairing, as discussed before. Isolated sharp negative peaks can be seen in Region II and III. The vortex with positive vorticity in the lower layer are thus produced together with the one in the upper layer forming a forward inclination of about 45° in both regions. By measuring the distance between the two negative peaks, the wave-length in the lower layer is λ2=2.8h, slightly larger than λ1. A different pattern of negative correlation is observed in Region I, where the negative peaks are not as sharp as in Region II and III. Thus the stripe region highlighted with negative correlation suggests that the occurrence of vortex shedding is not correlated with upper layer vortex. Since at downstream the two counter vortices obtain close correlation, they can be considered as imprints of a ring K-H vortex in agreement with the ring vortex model proposed by Li & Liu [14] .
IV. A Conceptual Model
To consolidate the analysis on the vortical activity in the developing micro ramp wake, a conceptual model describing the evolution of vortical organization is presented in figure 32 . In this model, the previous K-H vortex descriptions of Li & Liu [14] and Sun et al. [16] are incorporated and considered as partial stages or elements of the K-H vortex evolution. In the immediate downstream of the micro ramp, the streamwise vortices may occur as focused filaments. The curved free shear layer around the wake, however, quickly becomes unstable and the associated arch-shape K-H vortex are generated. According to the observation with Sun et al. [16] , the streamwise filaments may merge with the leg portions of the K-H vortex. Further downstream, following the mean shear velocity increase and vortex pairing, the wave-length of instability phenomenon is increased. Due to the downward motion induced by the streamwise vortices, the leg portions of these arch-shape K-H vortices extend to the bottom side of the turbulent wake, which eventually leads to the vortex ring formation in the far wake. The process of vortex ring formation is illustrated in the bottom right of figure 32.
Speculation can be made to the wake downstream of current measurement extent. The ring vortex will be subject to turbulent distortion and eventually breaks down. Accompanying the evolution of K-H vortex, the streamwise vortices decay at a fast rate and are rather weak. 
V. Conclusions
Based on the reported results of the time-averaged velocity, the turbulent statistics and the statistical analysis of the instantaneous flow fields, the properties of the micro ramp wake decay at the center plane and the associated vortical activity can now be summarized.
Scaling the streamwise distance with the micro ramp height, similar magnitude of the streamwise velocity deficit is produced by the considered micro ramps, whereas a stronger upwash is generated by the larger micro ramp, which is ascribed to the stronger streamwise vortices resulting from that device. The streamwise velocity deficit and the upwash exhibit different rates of decay. Comparing the loci of maximum deficit and peak upwash, the former occurs at a higher location.
Anisotropy of velocity fluctuation is observed in the micro ramp wake at upstream with 〈 ′〉 stronger than 〈 ′〉, whereas both quantities obtain similar intensity at downstream due to the faster decay of 〈 ′〉 . The Reynolds shear stress ′ ′ in the center plane obtains near symmetric peaks. The negative peak is associated to the vortex production and follows closely the position of upper shear layer, while the positive peak is likely to be associate to upwash activity as loci of ( ′ ′)
and Vmax overlap. For each of the two time-averaged velocity components and the three turbulent quantities, the normalized profiles overlap with acceptable degree respectively, suggesting a possible self-similarity properbility.
In the instantaneous flow, the well-organized time-averaged flow is greatly affected by the K-H instability and the vortical flow obtains great complexity. Observation of the instantaneous realizations as well as the wave-length evolution retrieved from statistical spatial auto-correlation confirm the vortex pairing, which determines the transition of the micro ramp wake. Apart from the instability of the upper layer, the elevation of the wake allows the vortex generation mechanism to penetrate also into the lower region of the conical wake.
The present data provides experimental support that this ultimately leads to a vortex ring formation from the connection of the arch-shape K-H vortex.
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